Introduction {#sec1-1}
============

Electrical properties of biological tissues include valuable functional information of tissues and have their pathological information at cellular levels \[[@ref1],[@ref2]\]. Electrical impedance measurement is a low-cost, fast and minimally invasive method to determine these properties of tissues. One of the imaging techniques based on this method is known as electrical impedance tomography (EIT) \[[@ref3],[@ref4]\]. EIT maps conductance distribution of tissue inside the body. This imaging technique helps to detect changes in the impedance of tissue lesions even when their structures show no changes, and thereby, the functional image of tissue is achievable \[[@ref5],[@ref6]\]. This technique has advantages of ignoring the use of ionizing radiation and its temporal resolution is interested in order of milliseconds.

A small amount of signal-to-noise ratio is an important problem in biological image processing. Many imaging modalities such as magnetic resonance imaging (MRI) and computed tomography (CT) use some agents (sensitizers) with special properties to increase SNR. For example, this special property is an atomic number in CT (typically iodine or barium compounds with high atomic number) \[[@ref7]\] or is magnetization level in MRI (typically components with Gadolinium as paramagnetic metal ion)\[[@ref8]\]. Recently, verity components of Gold nano-particles (Au NP) have been of interest to be used in CT as a contrast agent \[[@ref9],[@ref10]\] or in radiotherapy as a dose enhancer agent \[[@ref11]-[@ref13]\]. Theoretically, such an agent in EIT should affect electrical impedance of tissues. Some researchers demonstrated that presence of Au NP in Deionized water (DI) solution reduces electrical impedance of DI water \[[@ref14]-[@ref16]\]. However, in contrast to biological tissues, DI water does not have capacitive impedance and is almost free of charge carriers. Having capacitive impedance and the presence of charge carriers in biological tissues might have a noticeable effect on electrical behavior of Au NPs. Therefore, studying electrical behavior of Au NPs in a tissue-like environment is an important step to evaluate the potential use of Au NPs as a contrast agent for EIT technique.

Different phantoms have been used so as to study electrical properties of tissues \[[@ref17]-[@ref19]\]. Based on research literature, a chicken tissue phantom is a recommended phantom in this regard \[[@ref19]-[@ref21]\]. Therefore, the effect of Au NPs on electrical impedance of chicken tissue phantom is explored in this study. EIT signal on frequencies between 10 Hz and 10 kHz is more sensitive to cellular structure tissues than frequencies above 10 kHz \[[@ref22]\]. From literature, the 4-electrode method is a standard and comfortable method for the impedance measurement \[[@ref23]\].

To investigate the possibility of using Au NPs as a contrast agent in EIT, well-known of electrical properties of tissues in the presence of Au NPs are necessitated. In this study, EI measurement of synthesized Au NPs in a homemade chicken tissue phantom was done on current frequencies between 10 Hz to 10 kHz with 4-electrode method.

Materials and Methods {#sec1-2}
=====================

Electrical Impedance {#sec2-1}
--------------------

Biological tissues can be considered as a combination of three distinct mediums; intracellular medium (ICM), Extracellular medium (ECM) and cell membrane (CM). ICM and ECM consist of ions and other charged particles and they are electrically conductive \[[@ref24]\]. CM is made up of a lipid layer sandwiched between two protein layers and its electrical response is as a capacitor. Capacitive impedance (X) of CM has inverse relation with the frequency of applied voltage X=1/ωC. On low frequency, its impedance becomes large and notable. So, a tiny current can flow through it and EI of tissue on this frequency region depending on electrical impedance of ECM and structural configuration of CMs. On high frequency, capacitive impedance of CM becomes very low and CM behaves as a short circuit. Accordingly, EI of tissue depends on electrical impedance of ICM and ECM and less dependent on the structural configuration of CMs. Electrical impedance is a complex quantity,*Z(f)Z~R~(f)-iZ~C~\|Z\|e^iθ^* in which its real part shows resistive impedance (*Z~R~*) or Resistance (*R*) and its imaginary part represents capacitive impedance (*Z~c~*) or Reactance (X). Amplitude of impedance is calculated from division of voltage to current $\left| Z\left( f \right) \middle| = V\left( f \right)/I\left( f \right) \right.$ and angle *θ* shows the phase difference between voltage and current.

Z~R~=R=\|Z\|*cosθ*; \[Ω\] (1)

Z~C~=X=\|Z\|*Sinθ*; \[-Ω\] (2)

Different methods are used to measure electrical impedance of biological tissues. 4-electrode method is a standard and reliable method which is used in some research studies as a gold standard for the measurement \[[@ref23]\]. This method as shown in [Figure 1](#JBPE-8-241-g001.tif){ref-type="fig"}, was used to determine the electrical impedance.

![Diagram of a measurement device based on the 4-electrode method \[23\].](JBPE-8-241-g001){#JBPE-8-241-g001.tif}

From [Figure 1](#JBPE-8-241-g001.tif){ref-type="fig"}, the phantom with volume of *ABH* \[m^3^\] connected to an alternating current supply and is series with of a determined Resistor (*R*). The electric current of passing through the circuit was calculated as *I=V~2~/R* where *V~2~* is voltage that is measured at both ends of resistor (*R*). Sinusoidal electric current was injected (within a frequency range of 10 Hz to 10 kHz) to phantom by 2 stainless steel electrodes at both ends of it and voltage *V~1~* was measured by 2 needle-like electrodes placed in the middle of phantom and separated at a distance of *L*\[m\]. Specific resistive impedance and conductance of tissue were calculated through equation 3:
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Where *ρ* is specific resistance, *L* is the distance between electrodes that measure voltage, and *S* is the cross-section area of sample tissue *S=B×H \[m^2^\]*.

$\sigma = \frac{1}{\rho} = \frac{L}{R \times S}\left\lbrack S/m \right\rbrack$ (4)

Where σ is specific conductance of tissue.

The parameters are considered as*L=10mm, A=50mm, B=20mm, H=20mm and R=980Ω*. The Voltage and frequency were measured with Goodwill GDS-1072B oscilloscope, resistor R was measured with KAISE digital multi-meter sk-6111 and current of circuit was checked with PHYWE ampere meter.

Gold Nano-particle (Au NP) Synthesis {#sec2-2}
------------------------------------

Au NPs were synthesized with Turkevich method \[[@ref25]\], in which reduction of chloroauric acid (HAuCl4) was done by sodium citrate. Chloroauric acid and sodium citrate were obtained from Sigma-Aldrich, USA. As a brief description, chloroauric acid was heated and allowed to boil with strong stirring (300 rpm) in a 250 ml two-necked round bottom flask immersed in an oil bath and equipped with a condenser. While the solution was boiling, 2 ml of 34 mM sodium citrate was rapidly added to it which to cause the color of solution varying from black to wine red and Au NPs with controlled size start to synthesize. Afterwards, colloidal solution was cold slowly to reach room temperature. Size distribution and shape of synthesized Au NPs were characterized by transmission electron microscopy (TEM) (Zeiss-EM10C-100 KV). Moreover, UV-Visible absorption spectrum of Au NPs was obtained by Spekol 1300 spectrophotometer (Analytik Jena, Germany).

Phantoms Preparation and Measurements {#sec2-3}
-------------------------------------

There are different types of phantoms that are used in various researches for studying electrical behavior of tissues and electrical properties of Au NPs. Electrical properties of Au NPs were explored via DI water phantom in most investigations. As real tissues have capacitive impedance, a phantom made of substance which has capacitive impedance is more suitable than only resistive phantoms (DI water). Some researches show that a chicken tissue phantom which has both capacitive and resistive impedance, is a good phantom for the simulation of electrical properties of human tissues \[[@ref19],[@ref20]\]. Two types of phantoms are used in this article, the chicken muscle paste phantom with volume (50 mm×20mm×20mm) and the chicken fat block phantom with volume (5mm×20mm×15mm). Chicken tissues were bought from markets; all bones were removed carefully, and cut in small pieces. Muscle and fat tissues were washed separately with deionized water (MiliQ water). After three times washing, the external tissue water was removed by keeping them in a kitchen strainer. 2% deionized water was added to the chicken muscle pieces and minced for 2 minutes in a mixture grinder (2400 rpm). Again 1% DI water was added to the mixture and grind for 2 minutes, then, it was kept in refrigerator for 10 hours. In total, 6 identical phantoms for each material were prepared, and the experiment was repeated with 3 phantoms including Au NPs (with concentration of 0.15 mg/ml) and 3 phantoms without Au NPs. Reported data for voltage and current in each case is average of these measurements. Before the measurement, for the phantom-loaded Au NPs, the determined volume of Au NPs (650 µl and 50 µl for muscle and fat phantoms, respectively) was divided to 10 parts and each part injected to different depths of phantom and then allowed to diffuse within the tissues for 2 minutes. After that, the measurement was done.

Results and Discussion {#sec1-3}
======================

TEM image confirmed that size of synthesized Au NPs is about 20-25 nm; they have a spherical shape ([Figure 2. a](#JBPE-8-241-g002.tif){ref-type="fig"}). The UV-Visible spectrum also approved the size distribution by 525 nm peak in the absorption pattern ([Figure 2. b](#JBPE-8-241-g002.tif){ref-type="fig"}).

![a. TEM image and b. UV-visible spectrum of synthesized Au NPs.](JBPE-8-241-g002){#JBPE-8-241-g002.tif}

Amplitude of electrical impedance and phase angle between voltage and current flowed through phantoms were measured on different frequencies. Also, Resistive impedance (RI), Capacitive impedance (CI), Specific resistance (*ρ*) and specific conductance (*σ*) of phantoms were calculated based on equations 1, 2, 3 and 4, and variations of all these parameters in terms of frequency were plotted in [Figures 3](#JBPE-8-241-g003.tif){ref-type="fig"}, [4](#JBPE-8-241-g004.tif){ref-type="fig"} and [5](#JBPE-8-241-g005.tif){ref-type="fig"}.

![Electrical properties of muscle paste phantom with and without Au NPs; the frequency dependence of a. the impedance amplitude, b. the phase difference, c.the resistive impedance, d. the capacitive impedance, e. the specific impedance, and f. the specific conductance.](JBPE-8-241-g003){#JBPE-8-241-g003.tif}

![Electrical properties of fat phantom with and without Au NPs; frequency dependence of a. impedance amplitude, b. phase difference, c. resistive impedance, d. capacitive impedance, e. specific impedance, and f. specific conductance.](JBPE-8-241-g004){#JBPE-8-241-g004.tif}

![Electrical properties of Fat and muscle paste phantoms with and without Au NPs; the frequency dependence of a. resistive impedance and b. capacitive impedance.](JBPE-8-241-g005){#JBPE-8-241-g005.tif}

Results reveal that resistive impedance of fat is more than resistive impedance of muscle ([Figures 3.c](#JBPE-8-241-g003.tif){ref-type="fig"} and [4.c](#JBPE-8-241-g004.tif){ref-type="fig"} and [5.a](#JBPE-8-241-g005.tif){ref-type="fig"}), and the presence of Au NPs leads to decrease in resistive impedance of both of them (reduction of resistive impedance of tissues on the frequency 1KHz because gold nanoparticles are 1.93Ω *and* 40.24Ω for muscle and fat tissues, respectively. However, this reduction in fat tissue is more than muscle tissue. Dissimilarity between resistive impedance of fat and muscle tissue can be attributed to the difference in the ionic content and ionic mobility of these tissues. More ionic content and the easy movement of ions in muscle tissues compared to fat tissue may lead to increase in the conduction current and reduction in the resistive impedance of muscle tissue.

In addition to the ionic content and ionic mobility, water content of fat tissue is less than that of muscle. It can cause a decrease in electrical conduction and increase in electrical impedance of fat tissue. However this effect is more significant on high frequency.

A conduction mechanism in Au NPs can be explained by Quantum confinement effects and large surface-to-volume ratio of them \[[@ref26]\]. This mechanism can be affected by the presence of ions and other charge carriers in a medium \[[@ref27]\]. As an amount of ions and other charge carriers increase, electrical conduction can be dominated by ionic response. Different impedance responses of fat and muscle tissue to Au NPs can also be ascribed to difference in amounts of ions in these tissues.

Capacitive impedance of fat and muscle phantoms without Au NPs do not show remarkable differences on frequencies above 1kHz, although capacitive impedance of fat phantoms are more than that of muscle phantoms (Figure 5.b). Presence of Au NPs leads to decrease in capacitive impedance of both phantoms (reduction in capacitive impedance of fat and muscle on the frequency 1 KHz are 6.48Ω *and* 0.27Ω, respectively). This reduction for fat phantoms is more than that of muscle phantoms ([Figure 3](#JBPE-8-241-g003.tif){ref-type="fig"}, [Figure 4](#JBPE-8-241-g004.tif){ref-type="fig"} and [Figure 5](#JBPE-8-241-g005.tif){ref-type="fig"}).

Capacitive impedance is proportional to the amount of displacement current on a certain frequency in a particular tissue. Displacement current is related to membrane structure of cells and amount of polar molecules such as proteins in the tissue \[[@ref28]\].

Cell membrane has protein-lipid-protein (PLP) structure that acts like a capacitor \[[@ref20]\]. Difference in structure of cell membranes leads to different amounts of membrane capacitances. Because capacitive impedance has an inverse relation to membrane capacitance (*X=1/ωC* ), increase in membrane capacitance leads to the reduction in capacitive impedance \[[@ref28]\].

Polar molecules play a role of electrical dipole moments in an AC electric field. More polar molecules and easily tumbling of these molecules in muscle tissue cause an increase in displacement current and the reduction in capacitive impedance of it compared to fat tissue.

Au NPs injected in a tissue are covered by ions and other charged particles \[[@ref27]\]. Au NP and charged particles concentrated around of it can be considered as an electrical dipole moment. Therefore, Au NPs can affect displacement current and capacitive impedance like polar molecules. As the frequency increases, reorientation of these dipoles with alternative current (AC) electric field becomes more difficult, and their influence on displacement current enhancement becomes restricted. Accordingly, capacitive impedance with and without Au NPs do not have any remarkable difference on high frequency The reduction in electrical impedance is equivalent to an increase in electrical conductance. As can be seen in prior Figures ([Figures 3.f](#JBPE-8-241-g003.tif){ref-type="fig"} and [4.f](#JBPE-8-241-g004.tif){ref-type="fig"}), the presence of Au NPs leads to increase in specific conductance of both fat and muscle phantoms. Considering the difference between conductance of fat and muscle tissues, the presence of Au NPs leads to 4.3% and 4.7% increase in conductance on the frequency of 1 kHz for muscle and fat tissues, respectively.

Conclusion {#sec1-4}
==========

Difference of electrical impedance between phantoms with and without Au NP on low frequency (between 10 Hz-1 kHz) is more than that of higher frequency (between 1 kHz-10 kHz). These differences observed in fat phantoms are more than those in muscle paste phantoms. Capacitive and resistive impedances of fat tissue are more than ones from muscle tissue; a decrease in capacitive and resistive impedance of fat tissue is more than those of muscle tissue. As electrical impedance was reduced by presence of Au NPs, the electrical conductance of tissues was increased. Hence, an injection of Au NPs has the potential to increase the signal intensity of EIT and its sensitivity. Different values of signal enhancement for fat and muscle tissues, due to the presence of Au NPs, could be used to improve EIT image contrast.
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